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Recent developments in the application of 
nanomaterials to understanding molecular level 
processes in cobalt catalysed Fischer-Tropsch 
synthesis 
S.K. Beaumont
a
  
This perspective offers an overview of using nanomaterials for understanding cobalt catalysed 
Fischer-Tropsch chemistry. Nanomaterials now afford unprecedented control of size, shape 
and structure at the nanometre scale. This makes them invaluable tools for studying 
heterogeneous catalysis. The Fischer-Tropsch reaction, especially using cobalt based catalysts, 
is a linchpin in many processes for utilising other feedstocks (via gasification) that have been 
envisaged as short/medium term replacements for crude oil. The underlying chemistry has 
therefore garnered considerable renewed interest. The current state of the art in mechanistic 
understanding is summarised and the application of nanomaterials to developing this further i s 
explored. Several specific questions, to which nanomaterials have already contributed answers, 
are addressed: how do nanomaterials contribute to our understanding of cobalt particle size 
effects, reducibility, and the effect of support porosity and how do precious metal promotors 
operate in cobalt catalysed Fischer-Tropsch chemistry? Future possible uses for nanomaterials 
in studying this field are also identified.       
 
1. Introduction 
The conversion of syngas (CO and H2) to liquid hydrocarbons 
for use as fuels (and/or chemicals), known as Fischer-Tropsch 
(FT) synthesis (Figure 1), is a well-known, commercially 
utilised, and extensively studied heterogeneous catalytic 
reaction. 
 
Figure 1. General scheme for FT synthesis reaction from syngas to a range of 
potential products.  
Despite its discovery in the early 20th century and intermittent 
commercial use since this time,1,2 the last decade has seen a 
renewed interest in understanding and developing Fischer-
Tropsch technology – for instance 50% of publications on 
‘Fischer-Tropsch’ originate from only the last decade.3 
Moreover, in addition to new large scale production facilities in 
Malaysia and Qatar, producing tens of thousands of barrels per 
day, new pilot projects and research programs have been 
conducted by almost all major oil companies.4  This growing 
importance of FT chemistry is primarily driven by the fact that 
transformation of coal, natural gas (or even biomass) into 
syngas and subsequent conversion by FT into liquid 
hydrocarbons offers a convenient route to ‘drop in’ replacement 
transportation fuels. Not only is this route not reliant on 
increasingly expensive crude oil reserves, but, unlike blue skies 
technologies, FT has a proven track record of commercial 
feasibility. This approach also does not rely on the conversion 
or adaptation of distribution systems and vehicle fleets. 
Additionally, although the specifics of the process, including 
the catalyst, would ideally be designed around a specified 
feedstock,5 the process is in principle adaptable to a wide range 
of feedstocks – including ‘green’ bio-feedstocks. Since liquid 
fuels can be transported by ship, Fischer-Tropsch technology 
(alongside liquefied natural gas) also provides a more secure 
alternative to pipelines in less politically stable regions of the 
world, where natural gas reserves exist.4 It can, therefore, be 
expected to be a prevalent part of a medium-term solution to 
global energy challenges. 
Typical catalysts for FT synthesis contain iron or cobalt (or in 
the research laboratory Ru) supported on a metal oxide support 
(e.g. alumina).6,7  However, from their early development they 
have consisted of numerous promoters and additives (for 
instance the first BASF patent contained “cerium, cobalt, 
molybdenum or their alkali metallic oxides).8 A typical catalyst 
is often a combination of half a dozen or more elements.9 By 
way of example, screening conducted in development of the 
Co/Al2O3 catalyst for BP’s Alaska pilot plant included Ru, Cr, 
Zr, Ga or La as promoters.10 Although historically iron based 
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catalysts were widely used, recently there has been a shift to 
cobalt based catalysts. This preference results from a 
combination of enhanced activity, higher chain growth 
probability and lower water gas shift activity with cobalt as the 
catalyst.11 The former is important in achieving improved 
thermal efficiency while the latter two afford higher carbon 
efficiency, i.e. less of the carbon in the feedstock is wasted by 
being converted to CO2, CH4 and small (less desirable) 
hydrocarbon products. This has become increasingly important 
in the move to natural gas feedstocks over coal and with the 
increasing price of any carbon containing feedstock making 
carbon efficiency a key figure of merit. In addition, higher 
molecular weight products are more acceptable if aiming to 
make a range of products including diesel and chemicals, not 
just gasoline, as was often targeted in Fe catalysed processes.12 
The greater cost of Co over Fe also means there is a greater 
commercial desire to enhance and optimise the catalyst / avoid 
catalyst deactivation.  
While the general aspects of Co catalysis in FT reactions are 
well reviewed elsewhere,9,13 despite much research, the 
molecular surface mechanism appears to still remain less well 
understood. Improved knowledge of catalysts at this molecular 
and atomic level is essential for the rational development of 
improved (more energy efficient, selective, feedstock tolerant) 
catalysts. In this area much is to be learnt from the adaptation 
of nano-materials as model catalysts. The use of 
nanotechnology to develop advanced materials for use as model 
catalysts has been a key recent development in studying 
heterogeneous catalysis.14,15,16,17 The advantage gained is that 
numerous model structures with good control over metal 
particle size, shape, composition and metal oxide structure and 
porosity can be made.18 The uniformity that can be obtained is 
invaluable in two ways. Firstly, for catalytic tests it allows 
discrimination between different proposed active sites (if the 
different possibilities are dominant in different samples). 
Secondly, in spectroscopy, this uniformity means spectra do not 
originate from a huge range of different surface structures from 
different parts of the sample material, where only a small 
fraction of these are even at the catalytic site. Such 
simplification for elucidating spectroscopic problems has 
historically been achieved through the use of single crystal 
surfaces cleaned either electrochemically or in ultra-high 
vacuum. Studies performed on single crystal surfaces have 
provided many valuable insights, including in Fischer-
Tropsch,11,19 however there are also many aspects of these 
processes that require more complex structures to elucidate the 
coupled processes occurring on practical catalysts. As 
illustrated in Figure 2, the nanomaterials approach is a next 
generation model that enables us to advance our fundamental 
understanding of these situations where other effects are 
important. Such effects include particle size, or interaction of 
the metal or reactants with the oxide support. Nanomaterial 
 
Figure 2. Schematic evolution of model catalysts in trend of increasing complexity, catalysing X → Y reaction: (a) single crystal metal sample; (b) colloidally 
prepared nanoparticles in solution (e.g. polyol method); (c) nanoparticles from b supported on metal oxide (top) or cast onto  a 2-D substrate (bottom) – 
either as nanoparticles from solution (bottom-up control) or by deposition and growth / lithography (top-down control); (d) nanoparticles within well-defined 
mesoporous materials (obtained either by restricted growth within the mesopores or via capillary inclusion of nanoparticles obtained separately); and (e) 
hierarchical materials such as eggshell catalysts (discussed in the text), where ordered structures exist at several length scales. Inset shows a transmission 
electron micrograph of a typical ‘complex’ practical catalyst, prepared by incipient wetness impregnation, for comparison.   
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model catalysts have generally been generated in two modes as 
shown – some based on atomic and molecular deposition on 
well-defined substrates16 and others using colloidal wet 
chemistry to generate well defined structures that can be built 
‘bottom up’ into the desired catalyst structure.18 Careful design 
of the oxide support can even be used to produce hierarchical 
structures with control at different lengthscales. This article 
gives a perspective of how catalysts containing well defined 
metal nanoparticles or nanostructured catalyst supports (or 
both) can be useful in better understanding mechanistic aspects 
of cobalt catalysed Fischer-Tropsch chemistry.   
2. Molecular level understanding of FT catalysis on cobalt. 
A great deal of work has been devoted to understanding the 
chemistry and kinetics of FT reactions, and specifically their 
impact on the product distribution obtained, as indicated in a 
number of reviews.9,20,21,22 There is general agreement that CO 
is converted to a surface bound ‘C1 monomer.’ This monomer 
then undergoes polymerisation at the surface to form long chain 
hydrocarbons. The kinetics of the polymerisation are controlled 
by a balance of C1 addition (propagation) versus chain 
termination. The kinetics that result are therefore very similar to 
the Shultz-Flory like behaviour in condensation polymerisation, 
which, as identified by Anderson and others, is what gives rise 
to the overarching product distribution (now usually known as 
the Anderson-Schultz-Flory distribution).23,24 Excess methane 
is often produced and various ratios of alkene/alkane may be 
obtained. It is known that reactant residence time in the catalyst 
increases the probability of readsorbing α-olefins that undergo 
further reaction; this reduces the alkene/alkane ratio for shorter 
hydrocarbons.6 The latter observation has been demonstrated by 
co-feeding ethylene alongside the reactants, which adsorbs and 
reacts to form longer chains.25 For pelleted catalysts diffusion 
rates can also impact heavily on the kinetics by becoming a 
reaction rate limiting factor,26 although egg-shell type pellets, 
where the cobalt is only in the outer (egg) shell of the material, 
have been suggested as a way to deal with this in practical 
catalysts.6  
The relatively well understood chain growth process, although 
important for selectivity, is not regarded as being a rate 
determining step. The arrival at surface ‘C1 monomers’ is much 
less straightforward. Indeed, as pointed out by Jager and 
Espinoza, there are many and varied kinetic expressions for the 
overall reaction that seem valid depending on the preparation 
method of the catalyst and the operation conditions.9 Similarly, 
Ribeiro et al. identify that, although single studies identify the 
reaction to be structure insensitive (i.e. have a fixed TOF per 
cobalt surface site), preparation method of the catalysts, and 
especially support effects, are important in controlling the 
catalyst behaviour. Their attempts to use a single power law 
type kinetic expression to fit data from only 12 different studies 
still produced a difference in corrected turnover frequencies of 
a factor of 20.27 (Rate = kPH2
(0.7)PCO
(-0.2) was found to give the 
best fit.) 
A particularly controversial area, which has been the subject of 
recent work by a number of leading groups, is whether CO 
dissociates directly (the carbide mechanism) or is first 
hydrogenated to a hydrogen containing intermediate following 
adsorption (the indirect mechanism), Figure 3. 
It is known that in vacuum experiments at low pressure CO 
cannot dissociate on Co(0001) single crystal surfaces. 
However, non-basal planes containing step and kink sites are 
able to dissociate some of the CO molecules adsorbed on 
them.11,19 CO can also be readily dissociated by cobalt foils 
(which contain many differently oriented crystallographic 
facets). However, experiments on these foils in vacuum showed 
the hydrogenation and removal of surface oxide rather than the 
dissociation of CO was the rate limiting step. 25 
For a long time the prevailing view has been that CO 
dissociation was the energetically hardest step in the production 
of the products and although other potential routes were 
mentioned, they were largely discounted, for example formyl 
and alcohol intermediates were already being discussed and 
discounted several decades ago.21 
 
Figure 3. Reaction schemes for (1) carbide and (2) indirect mechanisms, via direct 
CO dissociation to form surface carbon (Step 1), or hydrogenation followed by 
subsequent dissociation (Step 2 or 3), respectively. Note: Schemes show only 
initial steps in the mechanism, the subsequent surface polymersiation to form 
CxHy species has been condensed for clarity. Also note the fate of oxygen as CO2 
or H2O has been given as argued by reference 31 based on the dominance of 
COads over Hads on the catalyst surface and the independence of CO2 production 
from H2 partial pressure.      
In 2008, Inderwildi et al. conducted DFT calculations of the 
reaction on a Co(0001) surface. They compared three steps to 
arrive at a CH2(ads) C1 monomer after the adsorption of CO.
28 
As shown in Table 1, they found that the least favourable was 
CO direct dissociation. The dissociation of CHO to CH is less 
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favourable than via the more hydrogenated CH2O intermediate, 
although it must be noted the activation energy to go from 
COads and Hads to CHOads is the same as the subsequent CHOads 
dissociation step, so although excluded by the authors it seems 
some CHOads dissociation may also occur.  The large difference 
in overall barrier height between either Step 2 or 3 and Step 1 
are, however, very striking. It must be remembered these results 
are for a surface that is known not to readily dissociate CO and 
so it is not clear how large the difference would be at more co-
ordinatevely unsaturated sites. Nevertheless, as the authors 
point out, calculations for CO dissociation on corrugated and 
stepped sites are still significantly higher than for the steps via 
hydrogenated intermediates shown in the table.  
Table 1. Summary of data from Ref. 28, showing activation energies of key 
steps in Figure 3.  
 Mechanistic route 
Ea calc. / 
kJmol-1 
Step (1) † COads + *→ Cads + Oads 272 
Step (2) CHOads + * → CHads + Oads 96.5 
Step (3) CH2Oads + * → CH2 ads + Oads 82.0 
Route (2) † COads + Hads → CHads + Oads 126 
Route (3) † COads + Hads + ½ H2(g) → CH2 ads + Oads 126 
† It should be noted that overall Routes 2 and 3 differ from Step 1 in starting 
point by one adsorbed hydrogen atom, so should not be directly compared. 
They also use micro kinetic modelling to assess that only the 
route via Step 3, not Step 1 is relevant at both 0.05 mbar and 30 
bar total pressure (although Step 2 is excluded, this would only 
further add to the preference for some form of indirect route). 
Another complication here is more recent STM work on cobalt 
nanoparticles supported on Cu(111) (the Cu surface here, which 
is unable to dissociate H2, is used in place of a metal oxide 
support). This work showed H2 can be readily dissociated at 
low co-ordination cobalt nanoparticle sites and spillover onto 
the low index cobalt facets (such as Co(0001)), but forms 
islands containing exclusively Hads or COads.
29 It was also 
shown that surface pressure from CO may force Hads onto a 
Cu(111) support, which, like oxides, would not normally 
dissociate H2 directly.
30 Calculating the actual surface coverage 
of Hads becomes far from simple, since, if extra sources and 
sinks may exist for Hads and the surface is not randomly 
ordered, it cannot then be viewed as a straightforward 
competition between adsorption of two molecules at a single 
cobalt metal site, as assumed in the above microkinetic models.        
In support of the indirect mechanism, Iglesia and co-workers 
identified that the typical Ea reported for cobalt catalysts of 80 
to 120 kJmol-1 is not compatible with calculations for Co(0001) 
dissociating CO, but the argument that corrugated or stepped 
sites might behave more favourably is inconsistent with the 
particle size effect found experimentally (see Section 3), 
whereby Co sites on particles below ~ 6 nm are less 
intrinsically active (assuming only the size is changing).31 
Iglesia and co-workers also identified a further very important 
point concerning oxygen rejection selectivity. By careful 
consideration of the mechanisms in Figure 3, and the fact that 
CO is the overwhelmingly dominant surface species at 
catalytically relevant temperatures and pressures, it is apparent 
that whether water or CO2 is formed from the oxygen shows 
which reaction sequence dominates. If CO is dissociated on the 
surface to produce Oads, then the Oads produced is 
overwhelmingly more likely to react with and be removed by 
another CO molecule than locating two Hads species on the CO 
crowded surface required to produce H2O. In contrast, in the 
indirect mechanism via Step 3 the oxygen is rejected to the 
surface as OHads, which requires only one Hads for removal. It 
should be noted that the OHads cannot be reacting with CO to 
form CO2 without there being a direct effect of hydrogen on 
primary CO2 formation rates, which is not observed. For a Fe-
Zn-Cu-K catalyst (where the iron and zinc largely form oxides), 
they demonstrated that the dominant oxygen rejection 
selectivity changes at pressures greater than ~ 2 bar and thus at 
typical operational pressures of ~ 20 bar suggests that the H-
assisted indirect mechanism is dominant.32 Much more 
recently, they have also identified the same indirect mechanism 
is favoured on Ru clusters and surfaces using DFT 
calculations.33  
Further support for an indirect mechanism has also come from 
atmospheric pressure transient kinetic experiments on a cobalt 
magnesium catalyst by Schweicher et al. who showed a 
relationship between chain lengthening and gas phase CO 
pressure in the build-up of the reaction. They also identified 
that carbon surface coverage residual on the catalyst is not 
correlated with chain lengthening – in other words the reaction 
has no dependence on concentration of surface carbon as an 
intermediate, so only CHx can be the ‘C1 monomer.’   
In contrast, this view is still controversial and microkinetic 
modelling by van Santen and Markvoort of atmospheric 
pressure Steady State Isotope Transient Kinetic Analysis 
(SSITKA) experiments for Ru and MnO promoted Co catalysts 
suggests the carbide mechanism to be in good agreement with 
the CO and CHx residence times.    
Since the complex mechanisms depend strongly on the 
nanostructure of the catalyst and the selectivity can be changed 
readily by any effect that may alter surface coverages (for 
example den Breejen et al. showed surface coverage of CHx 
could be varied by both promotion with MnO and varying 
particle size) it is clear that understanding the atomic level 
structure of the catalysts is key in designing better (more 
efficient, selective) catalytic materials. The rest of this article 
focuses on what nanomaterials have currently been looked at to 
achieve this, and where they may play a role in the future.  
3. Nanomaterials for understanding the importance of 
cobalt particle size and reducibility.  
One focus area of considerable work is the issue of cobalt 
particle size. Typically in heterogeneous catalysis, metal 
particle size can be important for many reasons. At a simplistic 
level small particles should maximise the surface area and 
therefore provide potentially more sites for a given amount, and 
therefore cost, of metal. Small particles are also likely to have 
Journal Name ARTICLE 
This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  
many more edge and corner sites which are co-ordinatevely less 
saturated and may exhibit different (beneficial or deleterious) 
activity. Geometrically it also increases the proximity of the 
metal surface sites to the adjactent oxide support – if the 
support material is non-innocent then this too will likely be a 
factor in the reactivity. Furthermore, specific / niche cases are 
known from heterogeneous catalysis more generally; two such 
examples are (1) the so called quantum size effect on very 
small gold particles (< 4 nm);34 and (2) catalytic reactions 
involving large substrates, where the requirement for larger 
particles (> 10 nm) is attributed to the need to have large facets 
of low index surfaces available for the reaction to proceed.35,36      
In the case of FT reactions, for some time it has been known 
that there was an invariant site time yield (reaction rate per 
site), but this was only the case over a certain range of metal 
dispersions; small particles < 5-6 nm were difficult to prepare 
and reduce to metal or were easily oxidised.
6
 It was also noticed 
that measuring particle size was not straightforward, with TEM 
and magnetic measurements often conflicting with EXAFS 
(Extended X-ray Adsorption Fine Structure) spectroscopy and 
chemisorption characterization.37 The same authors do however 
identify that particles that appear by TEM to be around 6 nm 
are the most active.37 It is quite possible this discrepancy also 
resulted from the partially oxidised structure of smaller 
particles. By preparing a series of incipient wetness catalysts 
with carefully varied average cobalt crystallite size it has been 
seen that larger particles have a greater selectivity for the 
production of long chain hydrocarbons.38 It should be noted that 
the same study (both on alpha and gamma alumina incipient 
wetness catalysts) saw no particle size effect in terms of site 
time yield. 
In order to understand this issue more thoroughly nanomaterials 
are invaluable, since they afford routes to very tight size control 
of cobalt crystallites. This contrasts to all of the above studies 
with incipient wetness catalysts, which inevitably contained an 
appreciable range of different particle sizes and assume the 
‘average size’ as representative. This is especially problematic 
with spectroscopic tools like EXAFS, which take a volume not 
a surface average. A number of routes have now been 
developed that allow for better control of particle size: 
 carbon nanofibres (CNFs) with oxide defects to 
anchor / control particle growth during incipient 
wetness preparation;39,40 
 reverse micelle synthesis and subsequent deposition of 
cobalt crystallites;41,42 
 controlled decomposition of Co2(CO)8 organometallic 
cobalt in the presence of structure directing agents to 
form size controlled cobalt nanoparticles, again 
suitable for subsequent deposition on (or in) a support 
matrix;43,44,45,46     
 controlled growth of cobalt clusters on 2-D planar 
surfaces using conventional surface science 
techniques;11,47,48 and, 
 polymer capping of nanoparticles, mainly used in 
solution phase FT synthesis reactions, where the 
polymers can be solubilised for reactant access.49  
As shown in Table 2, the first four of these methods have 
yielded the clear result that small particles (below around 7 nm 
or less) are intrinsically less active (and where looked at also 
less selective towards higher molecular weight products). For 
CNF anchored nanoparticles at both 1 and 35 bar a significant 
decrease in site time yield was observed for samples with 
nanoparticles smaller than 6 nm.39,40 CNF supports were 
selected to eliminate the possibility of oxide supports oxidising 
the cobalt. Using SSITKA the authors showed small 
nanoparticles had a greater fraction of sites occupied by 
irreversibly adsorbed CO. Reverse micelle synthesis was also 
used to prepare small cobalt crystallites in a zeolite (all 
crystallites ~ 4 nm). These were compared to a standard 
incipient wetness catalyst containing many different sized 
particles (average size 11 nm). The turnover frequency per 
surface site for CO conversion increased by over an order of 
magnitude between the 4 nm particles and the incipient wetness 
catalyst (average particle size 11 nm). The possibility of this 
being purely the influence of synthetic agents in the former was 
ruled out showing a ~ 6 nm sample, prepared in a similar way 
to the 4 nm sample, already exhibited a significantly higher 
TOF. Planar Co/SiO2 samples have been obtained with very 
good particle size control using ultra high vacuum surface 
science approaches. When these were transferred to a high 
pressure reaction cell they show a similar trend with particle 
size48 and exhibit catalytic behaviour in good agreement with 
conventional catalysts.47 Notably, small particles were observed 
to be easily oxidised under reaction conditions.48 Colloidally 
prepared nanoparticles depositied on silica, prepared via the 
organometallic wet chemical route, also yielded a similar 
overall trend in CO conversion.44 It should be noted that the 
overall lower turnover frequencies in this case likely result 
from the presence of residual trioctylphosphine oxide from the 
particle synthesis, as was shown in a recent study by the author 
on CO2 reduction using model cobalt catalysts, where a 
preferable, phosphorous free, synthesis is demonstrated.46     
Table 2. Table showing TOF values for CO conversion during FT reactions 
for various cobalt crystallite size controlled catalyst samples. 
Preparation 
Method 
FT reaction 
Conditions 
Sizes / 
nm 
CO conversion 
TOFs / 
molecules.site-1.s-1 
CNF 
anchored39 
210 °C; 35 bar; 
H2/CO = 10 
2.7  1.1×10-3  
6 1.1×10-2 
Reverse 
micelle41 
220 °C; 20 bar; 
H2/CO = 2 
4.1 0.3×10-3 
5.8 1.3×10-3 
Co/SiO2 
planar48 
240 °C; 10 bar; 
H2/CO = 2 
< 3 6×10-3 
> 3 5×10-2 
Cobalt/Oleic 
Acid44 
240 °C; 10 bar; 
H2/CO = 3.3
† 
3  0.6×10-3  
10 1.9 ×10-3 
Incipient 
Wetness 
210 °C; 20 bar; 
H2/CO = 2.1 
3.1–18 
(av.)§ 
4.7±1.6×10-2 
† Pressure quoted includes more than 50% argon reference gas. § Average 
sizes rather than samples containing discrete sized particles, no correlation 
with TOFs seen.  
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As surface oxidation could potentially occur in the reaction, it 
could be a key source of deactivation of the catalyst by 
reducing the number of metallic cobalt sites.50 It appears a 
number of the above studies of cobalt indicate reducibility to be 
an issue with smaller particles. This could occur in two ways. 
Firstly, it could be that the cobalt is never reduced fully during 
the activation steps; these are not conducted at higher 
temperatures to avoid agglomeration.6 For pure cobalt 
nanoparticles of 4 nm a fundamental study following oxidation 
of the cobalt nanoparticles using in situ Near Edge X-ray 
Adsorption Fine Structure (NEXAFS) spectroscopy has shown 
that 1 bar of H2 at 250 ºC is insufficient to reduce the cobalt to 
the fully metallic state.51 Secondly, the re-oxidation of cobalt 
has been proposed to occur under reaction conditions. 
Goodman and coworkers looked at planar Co/SiO2 and 
identified by post-reaction XPS that small particles are 
significantly oxidised under reaction conditions, but not by CO 
alone.48,52 They therefore attribute the re-oxidation of the very 
small (< 3 nm) cobalt particles to water produced during the 
reaction. NEXAFS spectroscopy has been used to look at 4-5 
nm cobalt crystallites on silica (prepared by spin coating) in a 
1:1 mix of H2O and H2 at a total pressure of 0.4 mbar and over 
all relevant temperatures; no oxidation of cobalt occurred 
(although it is not clear if a higher partial pressure of water 
could still be the cause of oxidation).53 However, since neither 
water or CO alone appear to oxidise cobalt it could of course be 
the case that instead of oxygen residual on the surface from 
direct CO dissociation as proposed previously,25 the oxidation 
occurs from hydrogen activated CO dissociation (the indirect 
mechanism). This would therefore not be seen in any of these 
experiments without both CO and H2 present, but still result in 
an oxidised surface under reaction conditions. A further study 
of a mixture of a reduced Co metal and an oxidised CoO 
conventional catalyst that becomes more reduced under 20 bar / 
230 ºC reaction conditions over time appears to conflict with 
the above results; however, as this catalyst is Pt promoted it 
may behave differently with respect to reduction of the cobalt 
(see below).54     
Overall the ability to prepare nanoparticles of well-defined 
sizes (e.g. samples with a particle size distribution of only  0.5 
nm46) by a selection of routes has confirmed a particle size 
effect exists. This is likely to be important in the design of 
practical catalysts for FT synthesis. Further work is needed to 
clarify if this is purely related to reduction and oxidation of 
cobalt, or possibly the result of irreversibly bound CO. Size 
controlled nanomaterials will hopefully aid the further 
exploration of such questions.   
4. Role of support and support porosity using nano-
controlled support materials. 
The role of the support in FT reactions has generally been 
thought to be unimportant; the site time yield or per site 
reaction rate is found to be invariant across a large range of 
different supports.6 Typically alumina is used as the support 
material for cobalt FT synthesis catalysts, just as for many other 
heterogeneous catalysts. It should, however, be noted that early 
FT catalysts were prepared on mixtures of thoria and 
Kieselguhr (a type of silica material formed from aquatic 
organisms in sedimentary rock). Even on very different alpha 
and gamma alumina supports the choice of support for a given 
particle size is unimportant.38 However, although the role of the 
support seems unimportant to the activity of the catalyst, it can 
nevertheless be important in the material’s preparation. At this 
stage it can impact considerably on achieving the desired metal 
particle size. For impregnated catalysts a competition exists 
between binding cobalt precursors weakly enough to be easily 
reduced yet strongly enough so cobalt diffusion and subsequent 
agglomeration does not occur. Strategies for achieving this 
balance have included using citrate ions to change the 
precursor-support interactions so that reduction occurs at low 
temperature and diffusion is slow,55 or using TiO2 to bind the 
metals more tightly and offsetting the lower extent of reduction 
with the fact that overall a higher surface area exists because 
agglomeration is prevented.56 In the latter case the use of TiO2 
was also found to improve long chain hydrocarbon selectivity. 
Using TiO2 is complicated by the strong metal-support 
interaction (SMSI) type effects seen after high temperature 
reduction, which forms TiOx overlayers on the metal particles, 
changing the adsorption of reactants on the surface. Whether 
this is an important effect is a matter of debate as water 
produced under reaction conditions may be able to remove the 
overlayers formed.6  
Using nanomaterials brings a considerable advantage in trying 
to understand the role of supports in FT chemistry in that it 
allows for discrimination in the preparation steps from any 
metal-support interaction. This can now be achieved because 
the metal particles can be manufactured separately and only 
subsequently placed into the support material. Furthermore, 
through molecular templating of the support materials well 
defined supports can be produced and one particularly 
important area is the design of uniformly ordered porous 
materials. Pore size constraints are known to be important from 
attempts to put cobalt into zeolites, in which the chain length 
was found to be limited to around C11.
57 Model cobalt core / 
silica shell nanoparticles also caused a reduction in the product 
chain length as the thickness of the silica shell increased.58 In 
addition to product diffusion, confinement may also prevent 
growth and sintering of the cobalt particles during reactions.  
Ordered mesoporous silicas containing pores of varying pore 
size have been used to systematically study the impact of pore 
size related effects. Pore sizes studied include small pores 
(MCM-41, pore diameter ~ 3 nm; SBA-15, pore diameter ~ 9 
nm) though to large pore commercial silicas (average pore 
diameter 33 nm).59,60,61 The main trend appeared to be that 
small pores prevented the growth of large particles (including 
during reaction) and resulted in small, hard to reduce cobalt 
particles. Although this appeared to favour longer chain length, 
caution must be taken in attributing the effects to either particle 
size effects or diffusion effects and is a matter still under 
investigation. Large templates such as the polysaccharide 
chitosan have enabled bimodal pore size distributions to be 
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prepared in the same hierachical materials62 – their behaviour is 
attributed to purely diffusion effects, but again sintering 
resistance could also be important. 
Another class of mesoporous materials that has been an area of 
significant research (at least in the laboratory) is ordered carbon 
materials, such as nanotubes and ordered mesoporous carbons 
(e.g. CMK-3, an inverse SBA-15 structure template by using 
SBA-15, then removing the silica with aqueous HF). With these 
materials the importance of pores in controlling growth and 
sintering resistance has also been demonstrated by comparison 
to both commercially available activated carbons,63,64 and the 
mesoporous silica systems described above.65 However, it has 
been proposed that the electric field in the curved carbon 
support may facilitate electron removal in the case of smaller 
particles and more tightly curved nanotubes, making reduction 
of the cobalt to the active metallic form easier.63,64 This is still a 
matter of some debate as Tao and co-workers recently 
identified that varying the reduction temperature and looking at 
particles inside and outside the pores (opposite curvatures) 
allowed them to achieve the same extent of cobalt reduction at 
400 °C on both concave (internal) and convex (external) 
surfaces.66 Another potential issue of using carbon materials is 
that diffusion leading to cobalt sintering may be harder to 
prevent. For iron based catalysts, oxygen containing defects on 
the carbon nanotubes have been identified as ‘docking sites’ for 
nanoparticles, allowing them to be pinned and preventing 
diffusion and subsequent sintering.67 The same idea has been 
put forward for carbon nanofibre supports in which surface 
oxygen groups are thought to cause better cobalt dispersion on 
the support.68     
Nanomaterials synthesis has also been used to prepare systems 
that specifically target activity or selectivity such as cobalt 
particles on ‘alumina nanoparticles / carbon nanotubes’ or 
‘TiO2 decorated SiC’ composite supports.
69,70 Although 
improved reducibility and catalyst stability have been claimed 
for these materials, their complexity makes it challenging to 
identify confidently the molecular level roles of each of the 
different components.  
5. Precious metal promotion effects studied using 
nanomaterials. 
A final and crucial area where nanomaterials are playing an 
important role in understanding FT chemistry is in elucidating 
the role of precious metal promoters. These are extensively 
used, with most catalysts containing at least one precious metal 
promoter.71,72,73,74 The role of these promoters has been 
attributed to a variety of possible effects – as summarised by 
Iglesia who points out these can be classified as structural and 
chemical promoters that increase the number of active sites and 
the activity per site respectively.6 Owing to the cost and limited 
availability of these metals, understanding the role of such 
materials and, therefore, how they could be reduced or replaced 
is of paramount importance for the widespread use of Fischer-
Tropsch. It was argued for the Ru-promoted catalysts studied 
that at least some fraction of the effect is ‘chemical’ as a Ru/Co 
ratio of 0.7 atom % was sufficient to promote the reaction.6  
The general effect has been postulated to be due to many 
factors, including: (1) intimate electronic contact changing the 
local band structure of the metal; (2) ensemble type geometric 
effects; (3) reducing deactivation by carbonaceous deposits; 
and, (4) enabling more surface sites to be reduced by hydrogen 
spill-over during the initial activation. Attempts to use 
aberration corrected STEM (Scanning Transmission Electron 
Microscopy) for a series of cobalt alumina catalysts promoted 
by Ir, Pt, Ru and Re show the complexity of the problem. In 
each case a promotional effect on the reaction was seen, 
however Pt, Re and Ir appear as isolated atoms in the Co 
particles’ surfaces while Ru appears in clusters. Furthermore, 
there is evidence for hydrogen spill-over in the promoted 
catalysts, since even cobalt particles containing no precious 
metal atoms appear more reduced than for cobalt particles in 
samples without precious metal additives being present at all.75 
Systematic studies of Ag, Au and Rh promotion of Co/SiO2 
catalysts have shown that only very small quantities of the 
promoter are needed (Rh/Co ratio = 0.7 wt. %). It was argued 
by the original authors that clusters of surface Rh atoms were 
able to increase the hydrogen coverage and thus the availability 
of C1 monomers on the surface.76 Similarly, in the case of gold 
promotion, it has previously been identified that an optimum 
Au/Co ratio exists as the favourable promotional effects are 
offset by the unfavourable water gas shift activity of gold 
(Au/Co ratio = 10 wt. % was optimal).77 EXAFS studies on 
incipient wetness and sol gel type Pt promoted catalysts appear 
to indicate the existence of intimate contact betwen Pt and Co 
as there is no evidence for Pt-Pt bonding.78,79 Re appears not to 
promote cobalt reduction until the Re itself has been reduced.80 
In all three cases the role of Pt or Re in initially reducing the 
cobalt is implicated in the mechanism of promotion. The 
challenge here, however, is in trying to look at EXAFS data 
averaging over a sample where only trace amounts of platinum 
are present and a range of particle sizes and levels of Co-Pt 
mixing could be present in different regions of the sample. 
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One approach to investigate this problem is by using highly 
uniform nanomaterials. Pt-Co bimetallic nanoparticles of 
uniform size and composition have been prepared and their 
reduction and oxidation investigated. This has been done using 
in situ techniques such as ambient pressure XPS / TEM and 
atmospheric pressure EXAFS / NEXAFS. In the first instance, 
this promisingly reveals correlations between improved Co 
reducibility and the presence of the platinum. 
51,81 However, subsequent investigation using ambient pressure 
XPS and environmental TEM showed that Pt-Co nanoparticles 
in reducing atmospheres (such as during the Fischer-Tropsch 
reaction) segregate Pt to the surface. The Pt then covers the 
particle surface as shown in Figure 4.82 These Pt encapsulated 
particles were found to be completely inactive for CO2 
hydrogenation.82 It was reported that preparing nanoparticles of 
consistently low Pt concentration is synthetically very difficult 
owing to their segregation into particles with and without Pt. 
This could point to the role of Pt promoters being less 
straightforward than anticipated as the Pt and Co are also likely 
to have segregated in the same way in the incipient wetness 
preparations. The role of the Pt could instead result from inter-
particle hydrogen spill-over between Pt rich particles and pure 
Co particles. This idea of inter-particle Hads diffusion is in 
agreement with the mechanism identified in the aberration 
corrected STEM study mentioned previously.75    
Other possible alloying metals (non-precious) have been looked 
at using the same colloidal nanoparticle approach, in particular 
CoCu alloys. These have also been identified to restructure 
dramatically under reducing and oxidising conditions through 
the use of ambient pressure XPS and in situ NEXAFS.83,84 The 
combination of Co and Cu is being investigated in a number of 
laboratories and, if better understood, can be seen as a likely 
choice for attempting to harness the alcohol synthesis 
characteristics of Cu (used in methanol synthesis) and the chain 
growth FT behaviour of cobalt to produce higher alcohols. This 
has been seen with both co-precipitated catalysts85 and those 
prepared via metal oxalates.86  
6. Conclusions and Future Perspectives 
Overall, nano-materials based catalysts – whether from 
nanoparticles, from template oxides, or from the combination of 
the two – have already afforded a number of insights into the 
fundamental chemistry that underlies the Fischer-Tropsch 
process. Specifically, they have been used to show the 
importance of the cobalt particle size owing to the difficulty of 
reducing very small nanoparticles; the importance of oxide pore 
size in controlling growth and diffusion and the likely role of 
hydrogen spill-over in the precious metal promotion that is 
widely used in commercial catalysts. The ability to tune 
nanoparticles and compare series of materials prepared in a like 
manner provides a valuable way to inform our thinking about 
how catalytic systems work at a molecular and atomic level. A 
number of challenges however remain. There is still not a 
universally agreed upon mechanism as to what route the 
catalysis occurs via and whether this is the same on all 
catalysts. More synthetic approaches are needed to prepare 
bimetallic materials for exploring promotion and co-operativity 
between different metals, such as CuCo mentioned above. 
There also needs to be clarity as to how the residual reagents 
from the nanomaterials are removed so they cannot be accused 
of interfering with catalysis or altering the result of such model 
studies. Finally, as we look to utilise a higher proportion of 
biofeedstocks, much more knowledge is needed of poisoning 
mechanisms and how sulfur, alkali and nitrogen containing 
species deleterious effects87 may be minimised through the 
rational design of poison tolerant catalysts. Many challenges in 
FT chemistry are still to be solved in its application to the 
global energy crisis. The role nanomaterials can play in 
achieving this but improving our molecular and atomic level 
understanding, and enabling the subsequent rational design of 
improved catalysts, appears to be becoming of indisputable 
importance. 
Acknowledgements 
SKB gratefully acknowledges fellowship support from both the 
Durham University Addison Wheeler scheme and the 
Leverhulme Trust’s Early Career Fellowship scheme.   
 
Figure 4. Environmental Transmission Electron Micrograph (Reproduced with permission from reference 82) of a PtCo nanoparticle (right), obtained under 
0.1 Torr H2 gas using Z-contrast imaging. This technique results in brighter regions for Pt than Co (per atom) and so the bright halo around the part icle shows 
the segregation of platinum and cobalt in the near surface region, as shown in the adjacent schematic (left). As reported in reference 82 the structure in the 
schematic was confirmed by depth profiling the nanoparticles under the same conditions with Ambient Pressure XP Spectroscopy. 
Journal Name ARTICLE 
This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9  
Author Biography 
 
Simon K. Beaumont 
   Simon Beaumont received both undergraduate (B.A. / MSci) 
and PhD degrees in chemistry from Cambridge University. He 
studied for his PhD under the direction of Prof. R. M. Lambert, 
focussing on application of nanoparticles to heterogeneous 
catalysis. He then moved to the University of California, 
Berkeley, as a Postdoctoral Research Scholar with Prof. G. A. 
Somorjai. There, he investigated cobalt and bimetallic 
nanoparticles for CO/CO2 hydrogenation, and their study using 
synchrotron radiation techniques. He is now (since 2010) a 
Lecturer and Leverhulme Trust and Addison Wheeler Fellow at 
Durham University, UK, where his work continues to include 
Fischer-Tropsch chemistry.   
  
Notes and references 
a Department of Chemistry, Durham University, South Road, Durham, 
DH1 3LE, UK. simon.beaumont@durham.ac.uk. 
 
1  B. H. Davis and M. L. Occelli, Fischer-Tropsch Synthesis, Catalysts 
and Catalysis, Elsevier Science, Amsterdam, 2007. 
2  C. Bartholomew, Catal. Lett., 1990, 7, 303-315. 
3 Thomson Reuters Web of Knowledge Search Analysis, 
http://wok.mimas.ac.uk/, accessed December 2013.  
4  A. de Klerk, Fischer-Tropsch Refining, Wiley-VCH, Weinheim, 
2012. 
5  A. de Klerk, Green Chem., 2008, 10, 1249. 
6  E. Iglesia, Appl. Catal., A, 1997, 161, 59-78. 
7  It should be noted MoS2 has also been investigated as an FT catalyst, 
but has not yet found widespread use, for example: M. R. Morrill, N. 
T. Thao, H. Shou, R. J. Davis, D. G. Barton, D. Ferrari, P. K. 
Agrawal and C. W. Jones, ACS Catal., 2013, 3, 1665-1675. 
8  US Pat., 1,201,850, 1916. 
9  B. Jager and R. Espinoza, Catal. Today, 1995, 23, 17-28. 
10  J. H. M. Font Freide, T. Gamlin, C. Graham, J. R. Hensman, B. Nay 
and C. Sharp, Top. Catal., 2003, 26, 3-12. 
11  Z.-J. Wang, Z. Yan, C.-J. Liu and D. W. Goodman, ChemCatChem, 
2011, 3, 551-559. 
 
 
12  A.P. Steynberg and M.E. Dry, Fischer–Tropsch Technology, 
Elsevier, Amsterdam, 2004. 
13  A. Y. Khodakov, W. Chu and P. Fongarland, Chem. Rev., 2007, 107, 
1692-1744. 
14  G. A. Somorjai, A. M. Contreras, M. Montano and R. M. Rioux, 
Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 10577-10583. 
15  F. Zaera, Chem. Soc. Rev., 2013, 42, 2746-2762. 
16  H.-J. Freund, in Oxide Ultrathin Films, eds. G. Pacchioni and S. 
Valeri, Wiley-VCH Weinheim, 2011, pp. 145-179. 
17  S. M. McClure and D. W. Goodman, Top. Catal., 2011, 54, 349-362. 
18  G. Somorjai and J. Park, Top. Catal., 2008, 49, 126-135. 
19  E. A. Lewis, A. D. Jewell, G. Kyriakou and E. C. Sykes, Phys. Chem. 
Chem. Phys., 2012, 14, 7215-7224. 
20  G. P. Van der Laan and A. Beenackers, Catal. Rev., 1999, 41, 255-
318. 
21  C. K. Roferdepoorter, Chem. Rev., 1981, 81, 447-474. 
22  B. W. Wojciechowski, Catal. Rev., 1988, 30, 629-702. 
23  R. A. Friedel and R. B. Anderson, J. Am. Chem. Soc., 1950, 72, 
1212-1215. 
24  H. Schulz and M. Claeys, Appl. Catal., A, 1999, 186, 91-107. 
25  J. Lahtinen, T. Anraku and G. A. Somorjai, Catal. Lett., 1994, 25, 
241-255. 
26  M. F. M. Post, A. C. Vanthoog, J. K. Minderhoud and S. T. Sie, 
AIChE J, 1989, 35, 1107-1114. 
27  F. H. Ribeiro, A. E. Schach Von Wittenau, C. H. Bartholomew and 
G. A. Somorjai, Catalysis Reviews, 1997, 39, 49-76. 
28  O. R. Inderwildi, S. J. Jenkins and D. A. King, J. Phys. Chem. C, 
2008, 112, 1305-1307. 
29  E. A. Lewis, D. Le, C. J. Murphy, A. D. Jewell, M. F. G. Mattera, M. 
L. Liriano, T. S. Rahman and E. C. H. Sykes, J. Phys. Chem. C, 
2012, 116, 25868-25873. 
30  E. A. Lewis, D. Le, A. D. Jewell, C. J. Murphy, T. S. Rahman and E. 
C. H. Sykes, ACS Nano, 2013, 7, 4384-4392. 
31  M. Ojeda, R. Nabar, A. U. Nilekar, A. Ishikawa, M. Mavrikakis and 
E. Iglesia, J. Catal., 2010, 272, 287-297. 
32  It should be noted that this pressure dependence of the mechanism is 
not consistent with the predictions of Inderwildi and coworkers who 
predict the indirect mechanism is dominant at both 0.04 mbar and 30 
bar for the case of Co(0001). 
33  B. T. Loveless, C. Buda, M. Neurock and E. Iglesia, J. Am. Chem. 
Soc., 2013, 135, 6107-6121.  
34  M. Valden, X. Lai and D. W. Goodman, Science, 1998, 281, 1647-
1650. 
35  G. Kyriakou, S. K. Beaumont, S. M. Humphrey, C. Antonetti and R. 
M. Lambert, Chemcatchem, 2010, 2, 1444-1449. 
36  F. Hoxha, N. van Vegten, A. Urakawa, F. Krumeich, T. Mallat and 
A. Baiker, J. Catal., 2009, 261, 224-231. 
37  A. Barbier, A. Tuel, I. Arcon, A. Kodre and G. A. Martin, J. Catal., 
2001, 200, 106-116. 
38  Ø. Borg, P. D. C. Dietzel, A. I. Spjelkavik, E. Z. Tveten, J. C. 
Walmsley, S. Diplas, S. Eri, A. Holmen and E. Rytter, J. Catal., 
2008, 259, 161-164. 
 
ARTICLE Journal Name 
10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 
 
39  J. P. den Breejen, P. B. Radstake, G. L. Bezemer, J. H. Bitter, V. 
Froseth, A. Holmen and K. P. de Jong, J. Am. Chem. Soc., 2009, 131, 
7197-7203. 
40  G. L. Bezemer, J. H. Bitter, H. P. C. E. Kuipers, H. Oosterbeek, J. E. 
Holewijn, X. Xu, F. Kapteijn, A. J. van Dillen and K. P. de Jong, J. 
Am. Chem. Soc., 2006, 128, 3956-3964. 
41  G. Prieto, A. Martínez, P. Concepción and R. Moreno-Tost, J. Catal., 
2009, 266, 129-144. 
42  N. Fischer, M. Minnermann, M. Baeumer, E. van Steen and M. 
Claeys, Catal. Lett., 2012, 142, 830-837. 
43  V. F. Puntes, K. M. Krishnan and A. P. Alivisatos, Science, 2001, 
291, 2115-2117. 
44 T. Herranz, X. Y. Deng, A. Cabot, J. G. Guo and M. Salmeron, J. 
Phys. Chem. B, 2009, 113, 10721-10727. 
45  A. Tuxen, S. Carenco, M. Chintapalli, C. H. Chuang, C. Escudero, E. 
Pach, P. Jiang, F. Borondics, B. Beberwyck, A. P. Alivisatos, G. 
Thornton, W. F. Pong, J. H. Guo, R. Perez, F. Besenbacher and M. 
Salmeron, J. Am. Chem. Soc., 2013, 135, 2273-2278. 
46 V. Iablokov, S. K. Beaumont, S. Alayoglu, V. V. Pushkarev, C. 
Specht, J. H. Gao, A. P. Alivisatos, N. Kruse and G. A. Somorjai, 
Nano Lett., 2012, 12, 3091-3096. 
47  Z. Yan, Z. Wang, D. B. Bukur and D. W. Goodman, J. Catal., 2009, 
268, 196-200.  
48  Z.-J. Wang, S. Skiles, F. Yang, Z. Yan and D. W. Goodman, Catal. 
Today, 2012, 181, 75-81. 
49  A. Gual, C. Godard, S. Castillón, D. Curulla-Ferré and C. Claver, 
Catal. Today, 2012, 183, 154-171. 
50  N. E. Tsakoumis, M. Rønning, Ø. Borg, E. Rytter and A. Holmen, 
Catal. Today, 2010, 154, 162-182. 
51  F. Zheng, S. Alayoglu, J. Guo, V. Pushkarev, Y. Li, P.-A. Glans, J.-l. 
Chen and G. Somorjai, Nano Lett., 2011, 11, 847-853. 
52  It should be noted that Ref 44 saw smaller particles being easier to 
reduce using in situ NEXAFS spectroscopy, but as commented on in 
the text the significantly smaller turnover numbers and possible 
presence of phosphine synthetic agents may impact upon the trend 
observed in this case. 
53  A. M. Saib, A. Borgna, J. van de Loosdrecht, P. J. van Berge and J. 
W. Niemantsverdriet, J. Phys. Chem. B, 2006, 110, 8657-8664. 
54  A. M. Saib, D. J. Moodley, I. M. Ciobîcă, M. M. Hauman, B. H. 
Sigwebela, C. J. Weststrate, J. W. Niemantsverdriet and J. van de 
Loosdrecht, Catal. Today, 2010, 154, 271-282. 
55  S. L. Soled, E. Iglesia, R. A. Fiato, J. E. Baumgartner, H. Vroman 
and S. Miseo, Top. Catal., 2003, 26, 101-109. 
56  A. M. Venezia, V. La Parola, L. F. Liotta, G. Pantaleo, M. Lualdi, M. 
Boutonnet and S. Järås, Catal. Today, 2012, 197, 18-23. 
57  Q. Zhang, J. Kang and Y. Wang, ChemCatChem, 2010, 2, 1030-
1058. 
58  B. Zeng, B. Hou, L. Jia, J. Wang, C. Chen, D. Li and Y. Sun, Catal. 
Sci. Technol., 2013, 3, 3250. 
59  A. Y. Khodakov, R. Bechara and A. Griboval-Constant, Appl. Catal., 
A, 2003, 254, 273-288. 
60 A. Y. Khodakov, A. Griboval-Constant, R. Bechara and V. L. 
Zholobenko, J. Catal., 2002, 206, 230-241. 
 
 
61  H. Li, J. Li, H. Ni and D. Song, Catal. Lett., 2006, 110, 71-76. 
62  T. Witoon, M. Chareonpanich and J. Limtrakul, J. Porous Mater., 
2012, 20, 481-488. 
63  T. Fu, Y. Jiang, J. Lv and Z. Li, Fuel Process. Technol., 2013, 110, 
141-149. 
64  W. Xie, Y. Zhang, K. Liew and J. Li, Sci. China: Chem., 2012, 55, 
1811-1818. 
65  H. Tang, K. Liew and J. Li, Sci. China: Chem., 2011, 55, 145-150. 
66  Y. Zhu, S. Zhang, Y. Ye, X. Zhang, L. Wang, W. Zhu, F. Cheng and 
F. Tao, ACS Catal., 2012, 2, 2403-2408. 
67  U. M. Graham, A. Dozier, R. A. Khatri, M. C. Bahome, L. L. Jewell, 
S. D. Mhlanga, N. J. Coville and B. H. Davis, Catal. Lett., 2009, 129, 
39-45. 
68  Z. Yu, Ø. Borg, D. Chen, B. C. Enger, V. Frøseth, E. Rytter, H. 
Wigum and A. Holmen, Catal. Lett., 2006, 109, 43-47. 
69  A. Karimi, B. Nasernejad and A. M. Rashidi, J. Energy. Chem., 2013, 
22, 582-590. 
70  Y. Liu, B. de Tymowski, F. Vigneron, I. Florea, O. Ersen, C. Meny, 
P. Nguyen, C. Pham, F. Luck and C. Pham-Huu, ACS Catal., 2013, 3, 
393-404. 
71  F. Diehl and A. Khodakov, Y., Oil Gas Sci. Technol. - Rev. Inst. Fr. 
Pet, 2009, 64, 11-24. 
72  E. Iglesia, S. L. Soled, R. A. Fiato and G. H. Via, J. Catal., 1993, 
143, 345-368. 
73  L. Guczi, T. Hoffer, Z. Zsoldos, S. Zyade, G. Maire and F. Garin, J. 
Phys. Chem., 1991, 95, 802-808. 
74  S. Vada, A. Hoff, E. ÅdnaneS, D. Schanke and A. Holmen, Top. 
Catal., 1995, 2, 155-162. 
75  M. Shannon, C. Lok and J. Casci, J. Catal., 2007, 249, 41-51. 
76  Z. Yan, D. B. Bukur and D. W. Goodman, Catal. Today, 2011, 160, 
39-43. 
77   K. Jalama, N. J. Coville, D. Hildebrandt, D. Glasser, L. L. Jewell, J. A. 
Anderson, S. Taylor, D. Enache, G. J. Hutchings, Top. Catal., 2007, 44, 
129-136. 
78  G. Jacobs, J. A. Chaney, P. M. Patterson, T. K. Das, J. C. Maillot and 
B. H. Davis, J. Synchrotron Radiat., 2004, 11, 414-422. 
79  L. Guczi, D. Bazin, I. Kovács, L. Borkó, Z. Schay, J. Lynch, P. 
Parent, C. Lafon, G. Stefler, Z. Koppány and I. Sajó, Top. Catal., 
2002, 20, 129-139.  
80  G. Jacobs, J. A. Chaney, P. M. Patterson, T. K. Das and B. H. Davis, 
Appl. Catal., A, 2004, 264, 203-212. 
81  F. Zheng, S. Alayoglu, V. V. Pushkarev, S. K. Beaumont, C. Specht, 
F. Aksoy, Z. Liu, J. H. Guo and G. A. Somorjai, Catal. Today, 2012, 
182, 54-59. 
82  S. Alayoglu, S. K. Beaumont, F. Zheng, V. V. Pushkarev, H. M. 
Zheng, V. Iablokov, Z. Liu, J. H. Guo, N. Kruse and G. A. Somorjai, 
Top. Catal., 2011, 54, 778-785. 
83  S. K. Beaumont, S. Alayoglu, V. V. Pushkarev, Z. Liu, N. Kruse and 
G. A. Somorjai, Faraday Discuss., 2013, 162, 31-44. 
84 S. Alayoglu, S. K. Beaumont, G. Melaet, A. E. Lindeman, N. 
Musselwhite, C. J. Brooks, M. A. Marcus, J. Guo, Z. Liu, N. Kruse 
and G. A. Somorjai, J. Phys. Chem. C, 2013, 117, 21803-21809. 
85  J. A. Dalmon, P. Chaumette and C. Mirodatos, Catal. Today, 1992, 
15, 101-127. 
 
Journal Name ARTICLE 
This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11  
 
86  US Pat., 6 362 239, 2002. 
87  N. E. Tsakoumis, M. Rønning, Ø. Borg, E. Rytter and A. Holmen, 
Catal. Today, 2010, 154, 162-182. 
ARTICLE Journal Name 
12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 
Table of Contents Graphic and Abstract: 
 
 
This perspective offers an overview of using nanomaterials for 
improving our understanding of the underlying mechanism of 
cobalt catalysed Fischer-Tropsch chemistry. This is considered in 
terms of enabling the rational development of improved (more 
selective, efficient, longer lived) catalysts.  
 
 
